Deflecting biomineralized crystals attached to vestibular hair cells are necessary for demonstrated that the critical period of otolith seeding and nucleation starts at 18-18.5 hpf and ceases 39 by 24 hpf. [1, 4,[6][7][8]. In mammalian inner ear development, Otoconin-90 (Oc90; the major protein 40 component of otoconia) is necessary for otoconial seeding and nucleation [9][10][11]. Oc90 can bind
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csr and nco embryos were collected during key stages in ear development, fixed with hydrogel 86 and washed in CHAPS-based CLARITY-clearing solution [25] . Embryos were decalcified with EDTA 87 before blocking, incubating in primary and secondary antibodies diluted in PBS-Triton (0.1%), and 88 imaging by confocal microscopy. Affinity-purified rabbit polyclonal antibodies were generated to 89 Otogelin (CGNRVDGPSASKG; 1:1000) or Oc90 (CNTQSDTVDRKPTQSKPQ; 1:1000) by 90 conventional methods and directly labelled before immunofluorescence. Other antibodies used were 91 Keratan Sulfate (MZ15; 1:2000; DSHB), Hair Cell Specific-1 (HCS-1; 1:500; DSHB), and acetylated-92 tubulin (1:500; Sigma T6793). Phalloidin (ThermoFisher A12379) was used at a concentration of 1:500.
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Mitotracker Red (ThermoFisher #M22425) was resuspended in DMSO (0.25 mM) and diluted to 94 200 nM in E3 embryo medium. Embryos were then incubated for 20 minutes before removing 95 Mitotracker solution and replacing with fresh E3 embryo medium. Samples were allowed to stabilize 96 for 30 minutes before imaging at 21 hpf. Embryos were phenotyped at 27 hpf.
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To test the effects of exogenous ions on otolith formation, embryos were kept in E3 Medium 98 until early gastrulation. Embryos were washed, dechorionated, and transferred to 1X Basic Solution 99 (58 mM NaCl, 0.4 mM MgSO4 and 5 mM HEPES) supplemented with 0.7 mM potassium chloride, 0.6 100 mM calcium nitrate or 0.6 mM calcium chloride. Embryos were then transferred to fresh 1X Basic 101 Solution with respective supplement for the remaining development. Embryos were scored by the 102 presence or absence of otoliths at 27 hpf.
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Statistical significance was calculated using Fisher's Exact Test, G-test for Independence, and The most apparent phenotype of csr and nco mutants is that they fail to form otoliths or any 108 observable complex calcium deposits within the inner ear ( Fig. 1A-C ). Furthermore, the mutant 109 larvae are homozygous lethal as the swim bladder fails to inflate ( Fig. 1A '-C') and they are unable to 110 feed. While it is still unknown why the swim bladder fails to inflate when otoliths are absent, it is a 111 common phenotype in other mutants with otolith agenesis [14, [16] [17] [18] 22] . Due to this commonality 112 within csr and nco content, we sought to determine if these phenotypes would complement each other.
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The results of the complementation test showed that some offspring failed to develop otoliths (n = 114 31/106), supporting that nco and csr likely are allelic. 
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Potentially deleterious mutations were identified in pks1 for csr (A911P) and nco (L681*), which were 137 both located within a conserved acyl transferase domain (Fig. 2C ). In regards to csr mutation, 138 homozygosity at the locus is compatible with proper development in the AB/TL background and 139 with otolith agenesis in the AB background (data not shown). Furthermore, a deleterious mutation 140 in vns (G239R) was serendipitously found to be linked to a neighboring gene during a separate study.
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The deleterious point mutation was identified by Sanger sequencing of the pks1 locus and confirmed 142 by relatively high penetrance of otolith agenesis (95%). 
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We injected Japanese medaka pks1 mRNA or DNA into single-cell embryos of csr, nco, and vns 147 heterozygous incrosses. Microinjection of Japanese medaka pks1 mRNA (300 ng/L) rescued otolith 148 biomineralization in both csr (p<0.0001; χ²<0.0001; n=93) and nco (p=0.0032; χ²=0.0022; n=84) mutants 149 ( Fig. 3B ). Additionally, microinjection of the Japanese medaka pks1 plasmid (20 ng/uL) provided by 150 Dr. Takeda rescued otolith biomineralization in vns (p<0.0001; χ²=0.0004; n=39). Using site-directed 151 mutagenesis, we introduced the non-synonymous mutation (A911P) in csr to the Japanese medaka 152 mRNA construct (L905P). We repeated injections into single-cell embryos and failed to rescue otolith 153 biomineralization in csr and nco. WT medaka pks1, but not pks1 L905P , rescued otolith biomineralization 154 in csr and nco embryos ( Fig. 3C ). Endothelin-1 signaling as the top up-and down-regulated pathways, respectively ( Fig. 4A ). Among 159 the down regulated genes was rdh12l, a gene adjacent to pks1, suggesting that there is local control of 160 transcription at that locus. mir-92a, the top down-regulated gene, has a predicted binding site in the Otolith nucleation is thought to be mediated by a tether-cell specific otolith precursor binding 180 factor (OPBF), which lays the foundation for the successive biomineralization of the otolith [5, 7, 34] .
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The presence of an OPBF was proposed almost two decades ago and its identification proves to be 182 elusive [34] . Recent studies suggest that one or more OPBFs are expressed by tether-cells and help to 183 mediate otolith nucleation by binding other OPPs [5, 7, 35] .
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We sought to assess if pks1 or its enzymatic product is a tether-cell OPBF. First, we demonstrated 185 that the total number of hair cells remain unchanged during early development in nco, suggesting 186 there are no differences in tether cell maturation and maintenance (Figs. 5E-G). Then, using publicly 187 available RNA-seq data, pks1 mRNA can be detected during the critical period of otolith nucleation 188 [36] . Previous data has shown its localization in the otic vesicle at 19 hpf [21] , supporting its role as 189 an OPBF. pks1 is enriched (7.46-fold increase) in mechanosensory hair cells compared to support cells 190 within the adult zebrafish inner ear (Table S1 ). Additionally, RNA-seq data suggests pks1 appears to 191 be differentially expressed in support cells. Support cells predominantly express a 300bp region of 
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The mutants csr, nco, and vns were chosen for this study because each lack the necessary factors 198 such as an OPBF for otolith seeding and biomineralization. To determine the genes responsible for 199 otolith agenesis in these mutants, we used two complementary approaches. The first approach was 200 Whole Genome Sequencing of the csr mutant genome to identify regions of high homology. This 201 indeed was difficult as the csr background strain was heavily inbred, resulting in multiple peaks of 202 high homology. Since we demonstrated csr and nco are genetically-linked, we sought to further clarify 203 the responsible locus using a second method (i.e. RNA-seq of the nco transcriptome) for comparison.
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This result pinpointed a region of high homology near the end of the 24 th chromosome. While 205 deciphering potentially deleterious mutations within that region, we focused on pks1 following 206 6 of 17 evidence that it is responsible for otolith nucleation in Japanese medaka [21] . While these species are 207 evolutionarily divergent, the shared phenotype between medaka and our mutants suggested that the 208 role of pks1 is conserved. As a result, we chose to use medaka pks1 nucleic acid to rescue otolith 209 formation in csr, nco and vns mutants. Similarities can also be drawn with other zebrafish mutants 210 such as keinstein, which has diffuse expression of Starmaker within the otocyst and exhibits similar 211 circling swimming behaviors [38, 39] . Furthermore, keinstein may be another pks1 allele due to its 212 predicted chromosomal location [40] .
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While WT medaka pks1 rescues otolith biomineralization in csr and nco, differences in penetrance 214 of exogenous ions on otolith formation suggested the nature of each mutation is fundamentally 215 different. This was confirmed by Sanger sequencing that nco has a premature stop codon while csr 216 likely makes a defective protein that may be stabilized by exogenous ions. This defective protein may 217 be the explanation for the differences in Mitotracker localization in csr. Due to its surface stain 218 expression, we hypothesize that Mitotracker was localized to mitochondria-rich ionocytes [41] .
219
Ionocytes have previously been implicated in otolith formation as mutations in gcm2, which is 220 responsible for ionocyte maturation, leads to otolith agenesis [42] . We hypothesize that the 221 endolymph in csr and nco mutants has the necessary components for otolith nucleation [2] but lack a 222 trigger produced by pks1. Additionally, the absence of pks1 does not visibly appear to affect hair cell 
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One caveat is that the penetrance of otolith formation is influenced by the genetic background 227 of zebrafish. When treated with the small molecule 31N3, WT embryos in the AB/EKW background 228 fail to develop otoliths [6] . However, 31N3 fails to inhibit otolith formation in the TL and TU strains,
229
suggesting that there are potential genetic modifiers that influence otolith nucleation in these 230 backgrounds. In the case of csr, homozygosity at the locus is compatible with otolith agenesis in the 231 AB background and, with proper development, in the TL background. This suggests csr may be a 232 hypomorphic allele and the AB background can overcome the loss of Pks1 function with enhanced 233 ion flux. Ironically, the mutant phenotype was lost when csr was outcrossed to the WIK background.
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It was only until csr was backcrossed to the AB background that the mutants were recovered. 
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